We explore the structure of galaxy cluster Abell 2029 and its surroundings based on intensive spectroscopy along with X-ray and weak lensing observations. The redshift survey includes 4376 galaxies (1215 spectroscopic cluster members) within 40 ′ of the cluster center; the redshifts are included here. Two subsystems, A2033 and a Southern Infalling Group (SIG) appear in the infall region based on the spectroscopy as well as on the weak lensing and X-ray maps. The complete redshift survey of A2029 also identifies at least 12 foreground and background systems (10 are extended X-ray sources) in the A2029 field; we include a census of their properties. The X-ray luminosities (L X ) -velocity dispersions (σ cl ) scaling relations for A2029, A2033, SIG, and the foreground/background systems are consistent with the known cluster scaling relations. The combined spectroscopy, weak lensing, and X-ray observations provide a robust measure of the masses of A2029, A2033, and SIG. The total mass of the infalling groups (A2033 and SIG) is ∼ 60% of the M 200 of the primary cluster, A2029. Simple dynamical considerations suggest that A2029 will accrete these subsystems in next few Gyr. In agreement with simulations and with other clusters observed in a similar redshift range, the total mass in the A2029 infall region is comparable with the A2029 M 200 and will mostly be accreted in the long-term future.
INTRODUCTION
Galaxy clusters grow hierarchically through accretion of generally lower mass systems.
More massive clusters typically form later than lower massive systems (Neto et al. 2007; Boylan-Kolchin et al. 2009; McBride et al. 2009 ). Numerical simulations suggest that the mass accretion rate is roughly proportional to the cluster mass: more massive clusters accrete more mass (van den Bosch 2002; Fakhouri & Ma 2008; Fakhouri et al. 2010; Giocoli et al. 2012; De Boni et al. 2016) .
Observational estimates of the mass within the infall region of galaxy clusters enable measurement of mass accretion rates (Diaferio & Geller 1997; Rines et al. 2002; De Boni et al. 2016) . The measurement of the mass infall rate is challenging because detailed observations covering the clusters outskirts (or infall regions) are required.
Wide field-of-view redshift surveys, X-ray observations, and weak lensing offer complementary views of the infall region of an individual cluster. So far, there are relatively few systems where all of these observations are available. Wide field-of-view redshift surveys (Geller et al. 1999; Reisenegger et al. 2000; Rines et al. 2002) apply the caustic technique (Diaferio & Geller 1997; Diaferio 1999) to estimate the mass in the infall region. Rines et al. (2013) show that the typical mass in the infall region is comparable with M 200 (= (4π/3)R 3 200 200ρ crit ). Identification of X-ray emitting groups in the infall region provides another probe of the future accretion by the cluster. The X-COP project (Eckert et al. 2017 ) surveys galaxy clusters with very deep XMM images to study infalling groups. Haines et al. (2018) also conduct a systematic survey of X-ray groups in the infall region of 23 clusters at z ∼ 0.2. They estimate that the galaxy clusters typically accrete 32% of their mass by redshift 0 through the accretion of these surrounding X-ray groups.
Weak gravitational lensing is another method for estimating the amount of mass in the outskirts of clusters (e.g. Geller et al. 2013; Umetsu & Diemer 2017) . Unlike the X-ray mass estimates, weak lensing mass estimates are independent of the cluster dynamical state. The estimated mass in the infall region derived from weak lensing observations is consistent with caustic estimates from dense redshift surveys .
Combining these complementary probes strongly constrains the mass within the cluster and its infall regions. Each method of measuring the potentially infalling mass has limitations. For example, mass estimates based on the X-ray depend on the assumption of hydrostatic equilibrium. Dense spectroscopy is critical. Without redshifts, association between extended X-ray emission and the main cluster is ambiguous. Weak lensing mass estimates may be contaminated by the presence of fore-ground/background systems (e.g. Hoekstra et al. 2011; Geller et al. 2013; Hwang et al. 2014 ). The redshift survey facilitates the separation of cluster members from these foreground/background structures.
Here, we combine spectroscopy, X-ray, and weak lensing observations to study the future mass accretion by the nearby massive cluster A2029. A2029 is one of the most massive clusters at z = 0.079. A2029 is well studied cluster with ROSAT, XMM, Suzaku and Chandra observations (e.g. Lewis et al. 2002; Clarke et al. 2004; Walker et al. 2012; Paterno-Mahler et al. 2013) . McCleary & Dell'Antonio (2018) construct weak lensing map of A2029. Sohn et al. (2017) conduct a redshift survey of this cluster (see also Tyler et al. 2013) . They examine the statistical properties of the A2029 member galaxies including luminosity, stellar mass, and velocity dispersion functions.
The complete redshift survey we discuss extends the survey of Sohn et al. (2017) . Based on complete spectroscopy, we investigate the core of A2029 and its infall region. We identify two relatively massive subsystems in the infall region and investigate their physical properties based on spectroscopy, X-ray and weak lensing maps. In this process, we refine the X-ray estimates of the subsystem masses. We probe the future dynamical evolution of the A2029 system based on the physical properties of the infalling groups.
We also use the complete redshift survey to make a census of foreground/background systems. Construction of this census is critical to removing ambiguous contributions to the mass within the infall region. Including A2029 and the two infalling groups, we find a total of 13 extended X-ray sources. Their physical properties are consistent with the well-known scaling relation between X-ray luminosity and velocity dispersion.
The combined analysis we discuss sets the stage for future large datasets including these complementary probes of the mass distribution in and around clusters of galaxies. eROSITA (Merloni et al. 2012) , Prime-Focus Spectrograph (PFS) on Subaru (Takada et al. 2014) , and Euclid (Amendola et al. 2018 ) will provide these observations for clusters with a wide range of masses and redshifts thus tracing the detailed evolution of these systems.
We describe the redshift survey of A2029 in Section 2. We explain the identification of the cluster members using spectroscopic data in Section 3. In Section 4, we identify two groups within the infall region of A2029 along with foreground/background systems in the A2029 field. We summarize their aggregate properties by placing them on the well-known L X − σ cl scaling relation. Finally, we discuss the past and future accretion history of A2029 (Section 5) based on the dynamical connection between A2029 and the massive infalling groups. Throughout this paper, we use the standard ΛCDM cosmology parameters: H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3 and Ω Λ = 0.7.
REDSHIFT SURVEY OF A2029
Abell 2029 (R.A., Decl., z : 227.728729, 5.76716, 0.079) is one of the most massive clusters in the local universe (Sohn et al. 2017) . A2029 was once known as a relaxed cluster because of its smooth X-ray temperature profile (e.g. Sarazin et al. 1998 ). However, recent deep X-ray observations reveal an X-ray sloshing spiral pattern which indicates complex dynamical evolution (Clarke et al. 2004; Paterno-Mahler et al. 2013) . Furthermore, the X-ray observations identify nearby extended X-ray sources which may be galaxy systems that will eventually accrete onto the cluster (Walker et al. 2012) . To understand the dynamical status and the structure of A2029, a dense redshift survey is important. Therefore, we extend the redshift survey for A2029 (Sohn et al. 2017) . We include the total list of 4376 redshifts in Table 1 of this Section.
Photometry
The galaxy catalog for the A2029 field is based mainly on the Sloan Digital Sky Survey (SDSS) Data Release 12 (DR12, Alam et al. 2015) . Following Sohn et al. (2017) , we first select extended objects with r petro,0 < 22 mag within 100 arcmin of the cluster center. Extended objects have probP SF = 0, where the probP SF is the probability that the source is a star. We visually inspect extended sources and remove some suspicious objects including stellar bleed trails and fragments of galaxies. In the north-eastern part of A2029, there is a small patch where the SDSS DR12 photometry is missing. We supplement the A2029 galaxy catalog with the SDSS DR7 galaxy catalog for this region.
Following Sohn et al. (2017) , we use the ugriz composite model (cModel) magnitudes, a linear combination of de Vaucouleurs and model magnitudes. We apply the foreground extinction correction for each band. Throughout this paper, all magnitudes indicate extinction corrected cModel magnitudes. Our A2029 galaxy catalog contains 96082 extended objects brighter than r = 22 mag within R cl < 100 ′ .
2.2. The Redshift Survey Based on the photometric galaxy catalog, we conducted a spectroscopic survey of A2029. We first collect redshifts from previous redshift surveys including SDSS DR12. SDSS acquires spectra using 3 ′′ fibers for bright galaxies with r < 17.77. In the A2029 field, 3109 objects have SDSS redshifts with a typical uncertainty of 7 km s −1 . We also compiled 1308 redshifts from Tyler et al. (2013) who carried out a redshift survey using Hectospec mounted on the MMT 6.5m telescope. Hectospec (Fabricant et al. 2005 ) is a 300 fiber-fed spectrograph, which can obtain ∼ 250 spectra with a single exposure. Tyler et al. (2013) obtained spectra of A2029 galaxies and measure the redshifts and Hα equivalent widths to study star forming galaxy evolution in the cluster environment. The spectra taken from Tyler et al. (2013) are available through the MMT archive 1 . From these spectra, we measure the redshifts and visually inspect the redshift fits (see below for details) for consistency with the rest of our survey. Additionally, we added 440 redshifts from the literature (e.g. Bower et al. 1988; Sohn et al. 2015) through the NASA/IPAC Extragalactic Database (NED).
We conducted a deeper redshift survey of A2029 also using MMT/Hectospec. Sohn et al. (2017) redshifts of A2029 members. Here, we extend the redshift survey by including fainter objects. We use the 270 line mm −1 Hectospec grating. The resulting spectra have 6.2Å spectral resolution and cover 3800 -9100Å. The typical exposure time for each field is an hour.
We used the IDL HSRED v2.0 package, developed by R.Cool and modified by MMT TDC, to reduce the data. We measure the redshifts based on the crosscorrelation of observed spectra with a set of templates using RVSAO (Kurtz & Mink 1998) . The cross-correlation results are visually inspected and classified into three groups: 'Q' for high-quality fits, '?' for ambiguous cases, and 'X' for poor fits. We obtained a total of 2890 highquality redshifts with a median redshift uncertainty of 32 km s −1 ; 1388 of these redshifts are new here compared to (Sohn et al. 2017) . Among these, 97 objects are stars with |cz| < 500 km s −1 (Appendix A). There are 321 objects with both SDSS and MMT spectra. The redshifts from SDSS and MMT for the duplicated objects have |∆cz/(1 + z SDSS )| ≤ 14 km s −1 . For these objects, we use the redshift from the MMT. Figure 1 displays the completeness of the A2029 redshift survey. Figure 1 (a) shows the completeness as a function of r−band magnitude. We investigate the completeness within R cl < 30 ′ and < 40 ′ . The integrated completeness to r petro,0 = 20.5 mag within R cl < 30 ′ is 90.0% (66.5% within R cl < 40 ′ ). Table 1 lists all of the spectroscopic redshifts within 40 ′ of A2029 including redshifts from our survey and from the literature. Table 1 includes the SDSS object ID, Right Ascension, Declination, r−band cModel magnitude, redshift and its error, and the source of the redshift. The Table also includes the A2029 membership determined based on the caustics (Diaferio & Geller 1997 , see Section 3). In total, there are 4376 redshifts for galaxies in the field. Figure 2 shows the redshift distribution of galaxies in the A2029 field. The dominant peak in the distribution at z ∼ 0.08 is A2029. Several less dominant peaks appear at higher redshift. These peaks include several readily identifiable background groups and one foreground group (see Section 4.2). Figure 3 displays the cone diagram for galaxies in the A2029 field projected along the R.A. direction. Black points are the galaxies brighter than r cModel,0 = 20.5 and gray points are fainter galaxies. A2029 is the densest feature in the field. In the background of A2029, the cone diagram shows the characteristic large-scale structure characterizes by sizable voids and thin dense structures. Even corrected for the magnitude selection, all of these background structures are much less dense that A2029.
The Redshift Catalog

MEMBER SELECTION
The caustic technique (Diaferio & Geller 1997; Diaferio 1999; ) is a powerful tool for identifying cluster members based on a spectroscopic survey. The caustic technique calculates the escape velocity from the cluster and provides a mass profile of the cluster as a function of projected distance from the cluster center. As a by-product, the technique identifies cluster members within the caustic pattern. Tyler et al. (2013) , (3) SDSS, (4) NED, and (5) Sohn et al. (2015) . b The membership determined based on the caustics. Figure 3. Cone diagram of the A2029 field within R cl < 40 ′ projected in the R.A. direction. Black (gray) points are the galaxies brighter (fainter) than r cM odel,0 = 20.5. Dashed vertical lines display the boundaries we use for identifying galaxy surface number densities that correspond to groups as described in Section 4.2. showed that the technique successfully identifies ∼ 95% of cluster members within 3R 200 from mock catalogs with ∼ 1000 galaxies including ∼ 180 members per cluster. The contamination from the interlopers is small: ∼ 2% within R 200 and ∼ 8% within 3R 200 . Figure 4 shows the relative rest-frame line-of-sight velocity difference versus the projected distance for A2029, the R-v diagram. In this phase space, a typical cluster shows a well-defined trumpet-like pattern (Kaiser 1987; Regos & Geller 1989) . The solid lines show the caustics we derive based on the A2029 spectroscopic data and the shaded regions display the uncertainty in the caustic location. The caustics distinguish clearly between the cluster members and other galaxies along the lineof-sight. Gaps between cluster members and the foreground/background galaxies are intrinsic to the largescale galaxy distribution; they do not originate from the incompleteness of the redshift survey.
We derive the characteristic mass −0.13 Mpc. We also calculate the velocity dispersion of A2029 following the recipe given in Danese et al. (1980) . We use the 571 members within R cl < R 200 . The velocity dispersion of A2029 is 967 ± 25 km s −1 , consistent with the value derived in Sohn et al. (2017) .
We identify 1215 spectroscopic members of A2029 within the caustics; 571 cluster members are within R 200 . The number of A2029 members exceeds Sohn et al. (2017) who reported 982 spectroscopic members. A2029 is the one of the best sampled clusters. There are 441 members in A2029 with M r < −18 and R cl < R 200 ; Coma has 530 members with the same selection (Sohn et al. 2017 ). Hereafter, we refer to the 1215 spec-troscopic members within the caustics as members of the A2029 system and the 571 members within R cl < R 200 as members of A2029.
A2029 contains the most massive BCG (IC 1101) in the local universe (Uson et al. 1991) . We investigate the projected distance between the BCG and the X-ray center following previous studies. Patel et al. (2006) reported that the BCG of A2029 is 131 kpc from the X-ray peak. However, they used the X-ray center based on ROSAT data with a large PSF. Lauer et al. (2014) demonstrated that there are significant differences between the ROSAT X-ray centers and the Chandra X-ray centers for a significant fraction of their cluster sample. Indeed, the offset between the A2029 BCG and the Chandra X-ray position is only 0.42 kpc (cf. 1 kpc in Lauer et al. 2014) .
Next, we examine the position of the A2029 BCG with respect to the cluster center in redshift space (Figure 4 ). The projected offset (∆R cl ) is 123 ± 170 kpc and the radial velocity offset in the rest frame of the cluster is −170 ± 107 km s −1 . The positional uncertainties include the error in the caustic center Serra et al. (2011) . Within the uncertainty, IC 1101 lies on the kinematic center of A2029.
STRUCTURE OF THE MASSIVELY ACCRETING CLUSTER A2029
Current structure formation models suggest that galaxy clusters grow hierarchically through the accretion of lower mass systems (e.g. Bond et al. 1996; Colberg et al. 2005) . Mass estimate for infalling groups provide a direct estimate of the mass accretion rate (or the growth rate, De Boni et al. 2016; Haines et al. 2018) .
Systems around clusters can be identified independently with X-ray, lensing, photometric, and spectroscopic observations. Systematic X-ray surveys show that many local clusters have X-ray emitting groups in the infall regions (Rines et al. 2002; Haines et al. 2018 ). These X-ray emitting groups may be accreting systems (e.g. Rines et al. 2002; Haines et al. 2018) . Gravitational lensing is another sensitive tool for identifying accreting groups by tracing the mass distributions in the cluster field (Okabe et al. 2010; Martinet et al. 2016) . A dense spectroscopic survey enables the detection of lower mass systems around the cluster (Yu et al. 2015 (Yu et al. , 2016 Liu et al. 2018) . This method has the advantage that the redshifts of the lower mass systems are known; the X-ray and lensing candidate systems may not be at the main cluster redshift.
Here, we search for galaxy groups around A2029 based on all of these methods (Section 4.1). Taking advantage of the redshift survey, we construct a number density map of cluster members which facilitates group identification. We also utilize both the weak lensing map and X-ray observations of the cluster to obtain physical properties of the groups. We describe the identification of foreground/background groups in Section 4.2. Figure 5 (a) is a schematic view of the A2029 field. A2029 is at the center of the field. Red crosses mark the positions of possibly infalling groups associated with A2029. These groups correspond to peaks in the number density map of spectroscopic members. Abell 2033 is one of these groups; we display the A2033 center from NED. We also display the center of the Southern Infalling Group (SIG). Several additional galaxy overdensities appear in the surface number density map of the spectroscopic survey; black crosses/pluses show galaxy overdensities with/without X-ray counterparts (see Section 4.2). The solid circle centered on A2029 is the R 200 based on the caustics. The dashed circles are the R 200 of A2029, A2033 and SIG measured based on their X-ray luminosities (Section 5.1).
Infalling Groups
Figure 5(b) shows a surface number density map for the spectroscopically identified members of A2029. For comparison, we plot a background color map displaying the number density of photometric galaxies with r ≤ 20.5 in the A2029 field. To avoid confusion, we refer to the surface number density map of members and of photometric galaxies as the member density map (contour) and the galaxy density map (color map), respectively.
The member density map of A2029 is complex. Overall, the distribution is elongated in the North-South direction. At the northern edge, a complicated structure includes A2033. The member density peak of A2033 is slightly offset from the peak in the photometric galaxy density map. The offset results from contamination by background galaxies (see Section 4.2). The southern group matches the peak of the photometric galaxy density map. A2033 is seven times and SIG is four times more dense than the mean number density of spectroscopic members within a 500 kpc width annulus at similar clustercentric distance.
Figure 5(c) shows a weak lensing map of the A2029 field. McCleary & Dell'Antonio (2018) constructed a weak lensing map from ∼ 160, 000 galaxies with shapes and 5-band photometric redshift estimates based on imaging with DECam. The full description of the weak lensing analysis is contained in McCleary & Dell'Antonio (2018); here we provide only a brief summary.
The A2029 field was observed in the ugriz filters in three runs between 2013 and 2015, with total exposure times ranging from 7200s in u to 3200s in r. The shapes for weak lensing were derived from the i imaging where the mean seeing was 0.95 ′′ . The DECam data were processed using the NOAO Community pipeline 2 and then stacks and PSF modeling was done using the THELI pipeline (Erben et al. 2001) . Galaxy shapes were computed using the KSB algorithm, as implemented in Erben et al. (2001) and von der Linden et al. (2014) . Galaxy photometry was calibrated by comparing photometric catalogs to the SDSS catalog of the sky, and all galaxies with half-light radius greater than 1.15 and the model PSF size brighter than the 50% completeness limit (i = 24.4 for A2029) are used in the weak lensing analysis (a total of 160,256 galaxies). Photometric redshifts based on the galaxy colors are assigned using BPZ (Benítez 2000) , and galaxies to which BPZ assigns a probability that z > 0.18 (0.1 greater than the redshift of A2029) greater than 80% are used in the mapping.
To map out the projected mass distribution, we use the aperture mass statistic (Schneider 1996) with a compensated filter (Schirmer et al. 2004 ) which provides an effective smoothing scale of 2.5 ′ for the map. The significance of the signal at each pixel in the map is estimated by constructing 2 × 10 6 randomized realizations in which the shapes of the galaxies are randomly shuffled, and then measuring how often the randomized signal exceeds the true signal (see McCleary et al. 2015) . These significance measures are converted to an equivalent σ confidence for display in Figure 5 (c).
The detection significance for a subclump is taken to be the highest significance pixel. For A2029, the signal is so strong that none of the randomized realizations showed as strong a lensing signal indicating a detection at > 5σ. For both A2033 and SIG, the situation is complicated by the complex morphology in the lensing map, where multiple pixels have similar significance. We choose to follow the "highest pixel" prescription and report a significance of 3.0σ for A2033 and 3.3σ for SIG.
The morphology of the weak lensing map is similar to the photometric galaxy density map. The strongest peak is the core of A2029. A2033 and SIG are also detected with high significance. Other overdensities in the surface density map also correspond to low significance features in the lensing map. The consistency between the lensing map and the photometric galaxy density map is expected because the lensing map traces the cumulative projected mass density along the line-of-sight and within the weak lensing kernel. Okabe et al. (2010) show maps for other systems with similar qualitative correspondence.
Figure 5 (d) displays the ROSAT X-ray image of the A2029 field. We use the image from the ROSAT Position Sensitive Proportional Counter (PSPC) observation (program ID: rp800249, P.I.: C. Jones). The ROSAT PSPC data were reduced using the ROSAT Extended Source Analysis Software (ESAS, Snowden et al. 1994 ). The image is background subtracted and exposure corrected in the R47 band (0.44 -2.04 keV, as shown in Walker et al. 2012) . Bright X-ray emission is present at the centers of A2029 and A2033. These X-ray sources are listed in the ROSAT Brightest Cluster Sample (Ebeling et al. 1998 ). There is also clear X-ray emission near the SIG (the second ROSAT PSPC catalog, Rosat 2000). Walker et al. (2012) mentioned the existence of this southern extended X-ray source.
The spectroscopy, weak lensing, and X-ray images paint a consistent view of the structure associated with A2029 within R cl < 40 ′ . The core of A2029 is a massive galaxy system associated with bright extended Xray emission. Two groups, A2033 and SIG, appear in all three maps. Table 2 summarizes the positions of A2029 and these groups.
A2033 was known as a separate cluster from A2029 (Abell et al. 1989) . Several cluster finding algorithms based on the SDSS photometric galaxy catalog also identify this cluster (Wen et al. 2009; Hao et al. 2010; Szabo et al. 2011; Wen et al. 2012) . A2033 is also listed in the ROSAT X-ray Brightest Cluster Sample (Ebeling et al. 1998) . Based on redshifts from NED and SDSS spectroscopy, Sifón et al. (2015) identified ∼ 190 spectroscopic members of A2033 at a mean redshift of z A2033 = 0.0796. They computed R 200 (= 1.89 ± 0.14 Mpc) and σ 200 (= 911 ± 69 km s −1 ) based on these members.
Figure 6 (a) shows an R-v diagram centered on A2033. Within the R 200 from Sifón et al. (2015) and |∆cz/(1 + z A2033 )| < 2000 km s −1 , there are 223 member galaxies. As expected from the member density map, most A2033 members are within the A2029 caustics except for a few outliers with large velocity relative to the mean or A2029.. The member distributions of A2029 and A2033 overlap in the phase-space diagram making the identification of most members associated with A2033 ambiguous. The location of A2033 within the caustics suggests that it is dynamically connected to A2029 (see Rines et al. 2002) . Figure 6 (b) displays the spatial distribution of the galaxies in the A2033 field. The background map shows the two-dimensional redshift survey completeness to r cModel,0 = 20.5. The open and the filled circles are the spectroscopic targets and A2033 members, respectively. The A2033 members have an elongated distribution (contour); they are offset from both the brightest group galaxy (BGG) of A2033 (star symbol) and the Chandra X-ray center (cross). Because the redshift survey is homogeneous around the center of A2033, the elongated distribution of the cluster members is not a product of incompleteness in the survey. Southeast of A2033, there is a loose concentration of galaxies at z ∼ 0.27. Thus, the overdensity in the galaxy density map shown in Figure 5 (b) is contaminated by background galaxies. We conclude that the offset between the peak of the A2033 galaxy distribution and the A2033 BGG (or the X-ray center) is a physical property of the system. The mean redshift of A2033 members is z A2033 = 0.0812, slightly larger than the mean redshift from Sifón et al. (2015) .
The BGG of A2033 is only ∼ 5 kpc from the Chandra X-ray center. The large offset (179 kpc) listed in Patel et al. (2006) is an overestimate due to the large uncertainty in the ROSAT X-ray center. In contrast to the X-ray, the BGG of A2033 is certainly offset (∼ 250 kpc) from the peak surface number density of A2033 members (panel (b) of Figure 6 ). The astrophysical implications of this offset are unclear. The radial velocity difference between the BGG and the A2033 mean is not significant (∼ −57 km s −1 ). We show the R-v diagram and the spatial distribution of the galaxies in the SIG field in Figure 6 (c) and (d). There is no clear separation between the SIG members and the A2029 members. The brightest galaxy in SIG is significantly offset from the kinematic center of SIG. Furthermore, the spatial distribution of the SIG members is also elongated in the N-S direction as is A2033. The mean redshift of SIG is z A2033 = 0.0802.
Measuring the offset between the BGG of SIG and the X-ray peak is challenging because the ROSAT Xray morphology of SIG is disturbed. The northern peak in the ROSAT image corresponds to the BGG of SIG. The BGG offset from the northern X-ray peak is 38 kpc. The BGG is coincident with the surface number density peak of SIG members (∆R cl =∼ 45 kpc, panel (d) of Figure 6 ). Interestingly, the BGG is ∼ −533 km s −1 from the mean for SIG, a much larger difference than for the brightest galaxies of A2029 and A2033.
We identify two galaxy overdensities associated with A2029 based on spectroscopy, weak lensing, and X-ray maps. A2033 and SIG appear in all three probes. We discuss the physical properties and implications of these systems for the future evolution of the A2029 system in Section 5.3. Additional overdensities not associated with A2029 appear in at least one of the maps; we outline the properties of these systems in Section 4.2. 
Foreground/Background Groups in the A2029 Field
The multi-wavelength maps reveal several foreground/background groups in the A2029 field. The cone diagram (Figure 3) , the galaxy surface density map, the weak lensing significance map, and the X-ray images in Figure 5 all show some concentrations of galaxies unassociated with the cluster.
We examine the surface number density maps for galaxies in different redshift slices to identify foreground/background groups. The dashed vertical lines in Figure 3 indicate the boundaries of the six subsamples we consider. Each subsample includes a few probable groups.
Figure 7 displays surface density maps for each of the redshift subsamples. Black points indicate individual galaxies in each subsamples and red contours show the corresponding surface number density map. For comparison, we show the surface number density map for spectroscopically identified cluster members (gray contours). The lowest level of the contours is 0.28 galaxies arcmin −2 and the contours increase in steps of 0.28 galaxies arcmin −2 . Figure 7 (a) shows the spatial distribution of objects with 0 ≤ z < 0.06. There are 157 galaxies in the foreground of the cluster. A small, tight group (LOS1, red contour) of 14 galaxies is at z = 0.052. The spectroscopic members are within the simple window: R cl < 500 kpc and |∆cz/(1 + z cl )| ≤ 2000 km s −1 . We display the Rv diagram of this system in Figure 8(a) . The velocity dispersion of the system is σ = 252 ± 11 km s −1 . We plot the galaxies with 0.06 ≤ z < 0.09 in Figure  7 (b). The galaxies in this redshift range are mostly cluster galaxies. The surface number density map of the galaxies is essentially identical to the cluster member density map. The contribution of non-cluster members to the surface number density of the cluster member is negligible. Figure 7 (c) is based on 676 galaxies with 0.09 ≤ z < 0.20. We identify four groups (LOS2 -LOS5) with more than 9 members. These groups correspond to peaks in the photometric galaxy density map in Figure 2 Figure 7(d) shows the distribution of 1052 galaxies in the range 0.20 ≤ z < 0.30. We identify at least four groups (LOS6 -LOS9). Each group contains a significant number (N > 12) of members except LOS7. LOS7 is a superposition of galaxies at different redshifts. The other LOSs match galaxy overdensities in the photometric galaxy density map (Figure 2(b) ).
LOS8 at z = 0.226 is a complicated structure including 21 spectroscopic members (Figure 8(h) ). The redshift distribution of LOS8 members is bimodal. However, the spatial distributions of the galaxies in the two redshift groups are indistinguishable. LOS8 may be a group undergoing a merger.
LOS9 with 25 members has associated X-ray emission. Figure 8(i) plots the R-v diagram for this group. Walker et al. (2012) found X-ray emission near LOS9 based on ROSAT imaging data. They suggest that the Xray source originates from the overlap of X-ray emission from A2029 and A2033. However, the surface number density map indicates that the X-ray emission is actually from a background system that appears as a finger in the cone diagram at z ∼ 0.223. The X-ray flux of this system from the ROSAT PSPC data is 6.17 × 10 −13 erg s −1 cm −2 , corresponding to an X-ray luminosity of ∼ 1.78 × 10 43 erg s −1 . The velocity dispersion of the system is 445 ± 18 km s −1 . The X-ray luminosity and the velocity dispersion of LOS9 are consistent with the L X − σ cl relation derived from clusters at similar redshift .
Our redshift survey includes 688 galaxies with 0.30 ≤ z < 0.40. The projected spatial distribution of these galaxies is shown in Figure 7 (e). We identify three groups within this subsample. LOS10 at z = 0.326 lies between A2029 and SIG. This group may impact mass estimate of A2029 based on weak lensing. LOS11 with 17 members is located east of the cluster. LOS12 is a superposition of galaxies containing a group of six galaxies at z = 0.362.
We plot the location of the 596 galaxies in the wide redshift range 0.40 ≤ z < 0.80 in Figure 7 (f). The redshift survey appears sparse because it includes only the most intrinsically luminous galaxies at this redshift. Thus we cannot identify background groups in this range. Table 3 summarizes the foreground/background groups we identify in the A2029 field. Table 3 includes the central position, redshift, the number of spectroscopic members, the rest frame line-of-sight velocity dispersion, and the X-ray luminosities. Here, the X-ray luminosities are measured within the energy band 0.1 -2.4 keV based on the ROSAT image. The identification of these structures in the cluster field enables further understanding of the multi-wavelength view of the cluster. For example, the apparent X-ray emission between A2029 and A2033 is most probably flux from a background system at redshift z = 0.223.
THE PAST AND FUTURE OF A2029
The dynamical history of A2029 is complex. Deep Chandra X-ray observations reveal an astonishing sloshing pattern extending to 400 kpc around the BCG (Clarke et al. 2004; Paterno-Mahler et al. 2013) . Hydrodynamic simulations show that the sloshing pattern can form through the interaction between the cluster and an infalling subcluster (ZuHone et al. 2010) . By comparing the observed sloshing pattern with hydrodynamic simulations, Paterno-Mahler et al. (2013) suggest that A2029 interacted with an infalling group with 20% of mass of A2029 (∼ 1.7 × 10 14 M ⊙ ) between 2 and 3 Gyr ago. Based on the maps in Figure 2 , we identify two galaxy a Number of spectroscopic members within R cl < 500 kpc and |∆cz/(1 + z cl )| ≤ 1000 km s −1 from the center of the structures.
groups at the same redshift as A2029. The members of these groups are within the caustic profile of A2029 indicating that they will produce additional accretion events over the long-term future of the system. Haines et al. (2018) identify similar infalling X-ray groups within the caustics of the primary clusters in the LoCuSS cluster sample. Rines et al. (2002) also identify several X-ray groups within the caustics of A2199. They compute the turnaround radius of A2199 (∼ 6.4 − 8.1 Mpc) and identify three X-ray groups within the turnaround radius and the caustic as infalling groups. The two galaxy groups of A2029 we identify are well within the turnaround radius of A2029 (∼ 10 Mpc, larger than for A2199 because of its larger mass).
In Section 5.1, we discuss the properties of A2033 and SIG. In Section 5.2, we consider their probable future accretion by A2029. Section 5.3 discusses the accretion in a broader context including comparison of the group masses with the total amount of material in the infall region.
The Physical Properties of the Infalling Groups
We estimate the physical properties of the infalling groups including their membership, size, and mass. We determine the membership based on spectroscopy. Because of the proximity of the infalling groups to the cluster core, we cannot compute caustics for the groups free of contamination by members of the primary clus- ter. Thus, we identify group members by applying simple cuts: R proj < 500 kpc and |∆cz/(1+z cl )| < 2000 km s −1 . The projected radius cut is small enough not to overlap R 200 of the primary cluster. The line-of-sight relative velocity criterion is comparable with the amplitude of the A2029 caustic at the group position. There are 57 and 70 spectroscopically identified members in A2033 and SIG, respectively. The typical numbers of projected A2029 members around A2033 and SIG distances are 8 and 18, respectively.
The velocity dispersions of A2033 and SIG are 701 ± 74 km s −1 and 745 ± 62 km s −1 , respectively. To evaluate the velocity dispersion and its error for A2023 and SIG, we use 1000 randomly selected subsets of 49 A2033 members and 52 SIG members. This process accounts for the average contamination by A2029 in the annulus. The velocity dispersion error indicates the 1σ-deviation from 1000 velocity dispersion estimates. We derive M 200,σ s and R 200,σ s of the groups based on the M 200 − σ scaling relation from Rines et al. (2013) :
(1) The estimated mass is (3.50 ± 2.21) × 10 14 M ⊙ for A2033 and (4.32±2.38)×10
14 M ⊙ for SIG. We list the estimated M 200,σ and R 200,σ in Table 4 .
Next, we measure the masses of the systems based on the weak lensing profile.
The weak lensing mass estimates follow the procedure developed in McCleary & Dell'Antonio (2018) to simultaneously fit multiple mass components taking advantage of the linearity of the lensing deflections (as opposed to the shears). Each component is modeled as an NFW profile centered on the coordinate defined by the X-ray peak. For each component, the value of the gravitational lensing deflection as a function of the component M 200 (the NFW concentration was fixed at 4 given the strong massconcentration degeneracy) is then derived at the position of each background galaxy using the photometric redshift of the galaxy and the cluster to define the distance ratios. We numerically compute the gradient of the deflection to calculate the predicted shear at the position of each galaxy, then vary the masses of the components to minimize the RMS difference between the observed galaxy ellipticity tensors and the predicted shears. We estimate the uncertainty in the mass determinations by measuring the scatter in the best-fit estimates made by randomly selecting half the background galaxies as targets and repeating the fitting procedure for 500 sampled realizations.
In the weak lensing map, A2029 is obviously the most massive system (M = (9.6 ± 1.8) × 10 14 M ⊙ ). The weak lensing mass estimate for A2033 is (2.4 ± 1.6) × 10 14 M ⊙ and the mass estimate for SIG is (1.3 ± 1.5) × 10 14 M ⊙ . These mass estimates are smaller than the masses inferred from the M 200 − σ cl relation. Interestingly, the estimated mass based on the weak lensing profile of SIG is smaller than the mass of A2033.
We obtain the X-ray properties from the ROSAT and Chandra data. Average temperature measurements were obtained using X-ray spectral fitting of the Chandra data for Abell 2029 (obsids:892,4977,6101) and Abell 2033 (obsid:15167) . The Chandra data were reduced using the latest version of CIAO (version 4.10) with spectra extracted using the tool DMEXTRACT and response files created using MKWARF and MKACISRMF. X-ray fitting was performed using XSPEC with an absorbed APEC model (Smith et al. 2001) . To obtain the X-ray luminosities of the A2029, A2033, SIG and LOS1-12, we used the growth curve analysis method described in Böhringer et al. (2013) . A2029 is very bright in the X-ray with a luminosity of (94.85 ± 0.47) × 10 43 erg s −1 with a X-ray temperature of ∼ 7.5keV (Ebeling et al. 1998; Walker et al. 2012) . A2033 is much fainter than A2029; the X-ray luminosity is (17.69 ± 0.19) × 10 43 erg s −1 and the temperature is 3.7 keV. The X-ray temperature we derive for A2033 is ∼ 1 keV lower than the previous measurement quoted in the BCS catalog (Ebeling et al. 1998) .
The X-ray morphology of SIG is disturbed and there are some X-ray point sources which contaminate the Xray emission. We measure the X-ray luminosity after subtracting the X-ray point sources: the X-ray luminosity of SIG is then (1.57 ± 0.05) × 10 43 erg s −1 . This X-ray luminosity is only ∼ 40% of the luminosity estimated from the flux listed in the second ROSAT PSPC source catalog (Rosat 2000) . We are not able to estimate the temperature of SIG due to its low flux. Figure 9 displays the velocity dispersion versus restframe X-ray luminosity within 0.1 − 2.4 keV for A2029, A2033, and SIG. We also include the foreground and background systems in the A2029 field. For comparison, we add cluster samples from Rines & Diaferio (2006) and Rines et al. (2013) . The solid line in Figure 9 shows the scaling relation for local clusters from Zhang et al.
(2011).
A2029 and A2033 follow the L X − σ cl relation defined by previous cluster samples. SIG has a large velocity dispersion compared to the systems with similar X-ray luminosities, but it still follows the L X − σ cl relation within the velocity dispersion uncertainty. The scaling relation for all of the systems in the A2029 field is consistent with the local scaling relation. This consistency is a strong check of the combined analysis we present.
We derive M 200,X from the X-ray temperatures and luminosities of A2029, A2033, and SIG. We first compute the M 200,Xtemp of A2029 and A2033 based on the scaling relation of Arnaud et al. (2005) : 14 M ⊙ . The mass estimates of A2029 and A2033 based on X-ray temperatures are close to their mass estimates based on both velocity dispersion and weak lensing.
Next, we derive M 200,X−lum using the scaling relation between M 200 and L X from Leauthaud et al. (2010) . The M 200,X of A2029 is (1.75±0.08)×10
15 M ⊙ , a factor of two larger than the more robust mass estimates based on caustic and the X-ray temperature profiles (Walker et al. 2012) . Thus, the masses derived for A2033 and SIG from the M 200 − L X relation, even though they are widely used, must be regarded with some caution. The Table 4 summarizes all of the mass estimates for A2029, A2033, and SIG based on the various proxies. For A2029, only the mass estimate based on the X-ray luminosity disagrees with other mass estimates. The mass estimates of A2033 from velocity dispersion, weak lensing, X-ray temperature agree within 1σ. Again, the M 200,X−lum of A2033 is larger than the other mass estimates. For SIG, the mass estimates based on weak lensing and X-ray luminosity are comparable. The larger offset of BGG with respect to the group mean redshift suggest that the large M 200,σ of SIG is unreliable. In the following, we use the mean of mass estimates based on velocity dispersion, weak lensing, and X-ray temperature (if available). We do not include the mass estimate based on the X-ray luminosity because it deviates substantially for the best determined cases, A2029 and A2033.
Accretion of the Infalling Groups
To estimate the future accretion time of A2033 and SIG by A2029, we apply a two-body model separately for the orbits of A2033 and SIG relative to A2029 (Beers et al. 1982) . This model computes a linear orbit for the system assuming there is no shear or net rotation. Following Beers et al. (1982) , we assume that A2033, SIG and A2029 are at zero separation at t = 0 and they are now moving away or approaching each other for the first time in their history. The equation of motion for this system a The number of spectroscopic members within R200 for A2029, and within 500 kpc for A2033 and SIG. b M200,σ estimated based on the M200 − σ relation in Rines et al. (2013) . c M200,X−temp estimated based on the M200 − TX relation in Arnaud et al. (2005) . d M 200,X−lum estimated based on the M200 − LX relation in Leauthaud et al. (2010) . e The mean M200 estimated from M200,σ , M200,W L , and M200,X−temp (if available). is:
where R p is the projected distance from the main cluster and the substructure, α is a projection angle between the plane of the sky and the line connecting two systems, R m is the separation of the systems at maximum expansion, χ is the development angle, V r is the relative radial velocity difference of the two systems, and M is the total mass of the system. To solve the equation of motion, we use the observed R p and V r for the two groups: R p = 3.17 Mpc and V r = 704.5 km s −1 for A2033 and R p = 2.49 Mpc and V r = 484.9 km s −1 for SIG. We use the dynamical mass of A2029 measured from the caustic and the X-ray temperature profile, i.e. M 200 = 8.47 × 10 14 M ⊙ , and the masses of A2033 and SIG derived from their X-ray luminosities. When we solve the equation, we use the sum of the A2029 mass and the mass of either A2033 or SIG. We also set t = 12.8 Gyr, the age of the universe at the redshift of cluster. We solve the equation of motion by increasing χ from 0 to 2π. Figure 10 shows the projection angle (α) as a function of radial velocity difference (V r ) of A2033 and SIG. We first plot the Newtonian criterion for gravitational binding (Beers et al. 1982) :
This criterion divides gravitationally bound (open) and unbound (shaded) regions in Figure 10 . By solving the equation of motion, we obtain a bound-outgoing solution for A2033. According to this bound-outgoing solution, A2033 is now at ∼ 13.5 Mpc from A2029 and moves away with a velocity of V ∼ 725 km s −1 . This solution coincides with the result from Gonzalez et al. (2018) . Considering the uncertainty in mass estimates of the groups and the mean redshift measurements, there are also bound-incoming solutions (open circles in Figure 10(a) ). For example, if we take the maximum total mass of this system, A2033 is approaching A2029 at V ∼ 842 km s −1 or at V ∼ 1214 km s −1 . In these case, A2033 collides with A2029 within ∼ 5.52 Gyr or ∼ 2.84 Gyr, respectively.
We also derive two bound-incoming and one boundoutgoing solutions for the A2029-SIG system. The bound-outgoing solution proposes that SIG is moving away at V ∼ 497 km s −1 at a distance of ∼ 11.5 Mpc. The bound-incoming solutions suggest that SIG is approaching A2029 at V ∼ 581 km s −1 or at V ∼ 1111 km s −1 . The estimated collisional time scale for each case is ∼ 7.59 Gyr or ∼ 2.43 Gyr, respectively. The relative probabilities (p i ) of these solutions is:
where α sup,i and α inf,i are computed by taking into account the uncertainties in the total mass of the system and the radial velocity difference. Then, the relative probabilities are normalized by (p i ). In the case of SIG, the probability that it is now incoming is ∼ 94%. Table 5 summarizes these solutions.
The detailed dynamics of the multi-component A2029 system is probably much more complicated. The twobody model provides a guide to the timescales in the problem that complements the fact that the groups lie within the caustics. The probability is roughly ∼ 70% of a merger in the next 3 Gyr (e.g. one of the boundincoming solution for SIG). The mass contained within the infalling groups constrains the future mass accretion by A2029. To place A2029 in the context of other accreting systems, we consider the study by Haines et al. (2018) who identify XMM-detected X-ray groups in the infall region of 23 massive clusters at z ∼ 0.2. They calculate the masses of infalling groups using the M 200 − L X relation (Leauthaud et al. 2010) . The average mass retained in infalling groups per cluster is 2.23 × 10 14 M ⊙ , corresponding to ∼ 19% of the average M 200 of the primary cluster. Because they identify infalling groups within 0.4 ≤ R cl /R 200 ≤ 1.3, Haines et al. (2018) use the Millennium Simulation to correct the mass retained in infalling groups outside their survey region. They conclude that clusters accrete 16.2 ± 4.2% of their mass between z = 0.223 and the present day. Depending primarily on the simulations (Zhao et al. 2009; Fakhouri et al. 2010; van den Bosch et al. 2014) , they also suggest that groups contain only half of the expected total mass accreted by the clusters.
The sum of masses of the infalling group, A2033 and SIG, is (6.0 ± 1.7) × 10 14 M ⊙ or ∼ 61 ± 19% of the A2029 mass, significantly larger than the measurements for the higher redshift clusters. If we use the mass estimates of A2029, A2033 and SIG based on the M 200 − L X relation for direct comparison with Haines et al. (2018) , the mass fraction within the infalling group is still large (∼ 31 ± 4%). We note that this mass fraction is a lower limit because it does not account for the rest of the mass contained within the infall region.
Because A2033 and SIG lie comfortably within the caustics and because the two-body model has only bound solutions including several inbound trajectories, all infalling groups should eventually be accreted onto A2029, implying a high accretion rate compared to the measurements from z ∼ 0.22 clusters (Haines et al. 2018) . The growth rate also significantly exceeds expectations based on numerical simulations. For example, the growth rate of a massive dark matter halo with 10 15 M ⊙ derived from the Millennium-II simulation (eq (2) in Fakhouri et al. 2010 ) is ∼ 1.1 × 10 14 M ⊙ (11% of the DM halo mass) from the A2029 redshift (z ∼ 0.08, ∼ 1 Gyr look-back time) to the present day. A2029 suggests that stochastic variations in the accretion rate are large.
The caustic method we use for identifying cluster members provides a mass profile of the cluster often extending to the turnaround radius (Diaferio & Geller 1997; Diaferio 1999) . Based on the mass profile from the A2029 caustics, we estimate the mass retained within the entire infall region. First, we consider a spherical shell with inner and outer radii of 1.99 Mpc and 3.66 Mpc, respectively; 500 kpc smaller than the distance to SIG from A2029 core and 500 kpc larger than the distance to A2033 from A2029 core. The mass within this spherical shell is 4.93 (Table 4) : the two systems contain at least half of the mass in this annulus and they probably dominate the mass.
The caustic mass profile also provides an estimate of the ultimate halo mass of A2029 . Simulations demonstrate that most of the mass (∼ 90%) within a radius enclosing an overdensity ∼ 5.6ρ crit is ultimately accreted by the halo (Busha et al. 2005; Dünner et al. 2006) . We refer to this mass as the ultimate mass of the cluster. Rines et al. (2013) Rines et al. (2013) . In summary the current A2029 contain 54% of the ultimate halo mass, A2033 and SIG contain 34 ± 12% of the ultimate halo mass, and the remainder is distributed throughout the infall region possibly in lower mass groups (mostly at radii larger than R cl > 3.7 Mpc).
The large mass accretion rate of A2029 is interesting, but may not be surprising because it is one of the most massive clusters in the nearby universe. The accretion rate as a function of cluster mass and redshift is a powerful constraint on the hierarchical growth of these systems. Even with the extensive dataset for A2029, the uncertainties in the dynamical future of the system remain large. Having a comprehensive observational view of the system extending throughout the infall region is crucial for estimating the ultimate mass of the system. All the data taken together suggest that A2029 experienced an accretion event 3 Gyr ago and will experience one or more events within the next 3 Gyr.
SUMMARY
We combine a dense redshift survey of the local massive cluster A2029 with X-ray and weak lensing maps to elucidate the future accretion story of this massive system. The total dataset for A2029 is unusually rich. The redshift survey is essentially complete within a wide field of R cl < 40 ′ (= 3.5 Mpc) around A2029. We refine analysis of the ROSAT images and of the weak lensing map to improve mass estimated for two massive subsystems, A2033 and SIG, within the A2029 infall region.
The infalling groups, A2033 and SIG, appear in the weak lensing map and the X-ray image and the spectroscopic survey. Interestingly, the brightest galaxies in these subgroups are offset from the group centers (determined by X-ray or cluster members). The astrophysical implications of these offsets are unclear.
The complete redshift survey facilitates the identification of foreground and background groups in the A2029 field. This identification is critical for removing spurious contributions to the mass within the infall region. We identify at least 12 foreground/background systems. Among these systems, 10 systems have ROSAT X-ray counterparts; a very bright X-ray group LOS7 lies z = 0.223. Oddly its position makes it appear to be a filamentary connection between A2033 and A2029. The redshift survey makes it clear that this apparent connection is merely a superposition. Taking these extended X-ray sources together with A2029, A2033, and SIG we demonstrate that they are all consistent with the wellknown scaling relation between X-ray luminosity and velocity dispersion.
We measure the mass of A2029 based on the three different mass proxies: caustics, weak lensing and X-ray luminosity (or temperature). The caustic mass based on the spectroscopic members is M 200 = (8.47 ± 0.25) × 10 14 M ⊙ , agrees to within 1σ with the X-ray estimate. We also estimate the masses of infalling groups using velocity dispersions, weak lensing and X-ray luminosities. Within the much larger uncertainties, the estimates agree. They imply that the total mass in these two subsystems in ∼ 60% of the mass of the main cluster.
A simple two-body model traces the future accretion of the infalling groups. The model suggests that the infalling groups are obviously bound to A2029 and may be accreted by the primary cluster within ∼ 3 Gyr. This accretion rate is larger than the average predicted by simulations.
The infall region as a whole contains an amount of mass comparable with the A2029 M 200 . The two massive subsystems contribute about ∼ 60% of the mass in the infall region. Numerical simulations suggest that 90% of the mass in the infall region will be accreted in the long-term future of the cluster.
In the future a combination of eROSITA, PFS, and Euclid observations will make similar analyses possible for clusters across a broad range of cluster mass and over a wide redshift range. These combined spectroscopic, Xray and weak lensing observations will enable construction of the full picture of the accretion story of clusters of galaxies. They will provide a strong test of the hierarchical structure formation picture. 
